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ABSTRACT

LAURA BENNETT: Investigation of Mutations Affecting Axon Guidance at the
Midline in Drosophila
(Under the direction of Dr. Bradley Jones)

A multitude of genes are involved in the development of an organism. In this
experiment, a mutation involved in errors during neurogenesis of Drosophila

melanogaster was characterized. It was suspected that the mutation affected two
genes and influenced the ability of axons to cross the midline. Using antibody

staining ofD. melanogaster embryos from recombinant mutant lines and crosses with

known mutations, the phenotypes of the mutants were determined. The embryos fell
into the three phenotypic categories of strong commissureless, rote-like, and
intermediate. Based on the phenotypes and the mutants' viability when crossed with
commissureless (comm) mutants, it was determined that there were two mutations

present, one of which was the comm mutation and the other of which was unknown
and referred to as B30. From the combinations of markers present across the lines

possessing B30, the general location of this second mutation was assumed to be
somewhere between the markers ebony and claret on the right arm of chromosome
three.
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I.

INTRODUCTION

A. Pathway for Normal Midline Crossing

In wild-type Drosophila, normal development of the CNS requires that some

axons cross the midline in order to reach their target cells. Not all axons cross the

midline, but in normal circumstances, none recross the midline after the initial crossing.

This enables the left and right sides of the body to communicate with one another. Axons
accomplish this feat by initially being attracted to the midline, but after crossing,
becoming repulsed by it. The neuronal proteins Comm and Robo and the glial protein

Slit control the ability of an axon to cross the midline, and they are also responsible for
the shift in the midline’s appeal to axons.

Slit acts as a chemical repellant when produced by midline glia, as it is known to
repel any axons not meant to cross the midline. Robo is a receptor protein on the surface

of the growth cone, and the ligand of Robo is Slit. When Slit binds the Robo receptor, it
exerts a repellant effect on that axon, effectively keeping it from crossing the midline. In
order to overcome the repulsive forces of Slit, an axon must express the protein Comm.
Comm acts to reduce the number of Robo receptors on the growth cone, and it, therefore,

is able to inhibit the repulsive effect of Slit. By expressing Comm, the axon is able to
cross the midline, and once it has crossed, the levels of Comm drop, Robo levels
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increase, and the axon is repelled from the midline by Slit. This dramatic change in
protein expression immediately after midline crossing ensures that the axon will not cross

the midline a second time (Figure I).13

The CNS of a wild-type Drosophila contains two longitudinal tracks which run

parallel to one another. Each tract consists of three distinct fascicles. The body plan of

the embryo is divided into segments and within each segment there are two sets of
commissural tracts which cross the midline, connecting the two sides of the embryo. The
two sets of commissural tracts are defined as anterior and posterior tracts of each
segment.2 However, not every axon will cross the midline. Some are commissural axons
but others are ipsilateral axons, which will remain on the same side of the body they

originated on.
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B. Commissureless (Comm)

The protein Comm is the protein product of the gene commissureless (comm) and

is able to downregulate the receptor Robo, and in doing so, it is both sufficient and

necessary for axons to cross the midline. In a mutant lacking the gene comm, there is no
Comm expressed by embryonic neurons and it results in a complete lack of commissures

in the CNS. This demonstrates the fact that Comm is necessary for axons to cross the

midline.3’7

Comm is not expressed in the growth cones of all axons, and this is how it is
possible for some axons to cross the midline and for others to remain on their own side.

Ipsilateral neurons have no Comm expression, and these axons do not cross the midline
2

but remain only on the side they originate from. Commissural axons have high levels of
Comm expression and are able to downregulate Robo in such a way that these axons can
overcome the slit-mediated repulsiveness of the midline to cross it. In comm mutants, the
embryo cannot produce Comm in the required neurons and, thus, no axons are able to

cross the midline because there is no way for axons to regulate the Robo levels on the
growth cone's surface. Comm decides the fate of an axon by designating if it will take an

ipsilateral or a commissural path.5

It has been shown that Comm is a sorting receptor for Robo, and it acts in a cell

autonomous fashion, rather than nonautonomously as had been suggested. Comm is

expressed in commissural axons but also in the midline glia, and it had been proposed
that downregulation of Robo occurred through the transference of Comm from the

midline cells to the commissural axon. By making a robo-GFP transgene, the expression
of Robo-GFP could be seen, and it was revealed that Robo-GFP was concentrated in

intracellular vesicles. Without Comm, the intracellular vesicles quickly distributed the
Robo-GFP to the growth cone, but when Comm was present the trafficking of Robo-GFP

came to a complete standstill and resulted in Robo-GFP being largely absent from the

surface of the growth cone. This demonstrates that Comm acts from within the cell to
downregulate surface levels of Robo by designating intracellular vesicles containing

Robo for endosomes and not the cell surface.5

Further evidence has been obtained suggesting that Comm acts as a sorting
receptor for Robo. In deleting or substituting amino acids in the Comm sequence, it was
found that only mutations in the endosomal sorting signal disrupted Comm function and,

therefore, affected Robo distribution, which supports the cell autonomous regulation of
3

Robo by Comm. Without properly functioning Comm, axons were unable to cross the
midline.5 Comm is essentially acting as a switch controlling midline crossing via Robo.

When Comm is “on”, it keeps levels of Robo low and allows for the axon to cross the
midline. In the “on” position, Comm ensures that most of the Robo produced is degraded
and very little is delivered to the growth cone. In ipsilateral axons or commissural axons
which have already cross the midline, Comm is “off’ and Robo is delivered to the growth

cone, keeping surface levels of the receptor high, and inhibiting the axon from crossing
the midline.6

In mutants containing hypomorphic comm alleles, a complete loss of commissures
is not seen. A few partial and abnormal commissures do form in some, but not all,

segments. These abnormal axons also have been found to express higher levels of Robo

than are normally seen in commissural axons, due to lower levels of Comm being
produced in those axons by the hypomorphic alleles. Less Comm being present in the

axon leads to more Robo that is delivered to the growth cone. This finding was

indicative of Robo levels being controlled by Comm.7

C. Slit

Slit is a protein secreted by the midline glia, and it has two functions. The first is

to create a repulsive barrier at the midline to keep ipsilateral axons from crossing the
midline. The second function is to keep commissural axons from recrossing the midline.8
A slit mutant is unable to repel axons from the midline, and the resulting phenotype is a

collapse of the normal scaffolding pattern of the CNS. Axons in these mutants enter the

4

midline and never leave it, crossing and recrossing with such a frequency that the
commissural tracts become so numerous that the two longitudinal tracts can no longer be
distinguished and appear to be one thick longitudinal tract.3,9

It was shown that the strongest phenotype of a comm gain-of-function mutant was

extremely similar to the slit phenotype. The phenotype of a commissureless mutant, in

which there are high levels of Robo expression and no commissural axons, suggests that
Robo interacts with a repulsive signal from the midline. Slit was determined to be the
ligand for the Robo receptor. Robo is downregulated by Comm, allowing axons to cross
the midline with Robo levels increasing after crossing of the midline. If Robo was
downregulated at an extreme level by Comm so that the Robo levels were not raised after

midline crossing, the result would be axons that remained in the midline because they
were immune to the repulsive signal from the midline. A robo/slit double mutant has a
phenotype identical to a slit mutant because of slit mutants having the more severe

phenotype, and without Slit present, Robo is ineffective at keeping axons from the

midline due to the absence of a repulsive signal.3,9

D. Roundabout (Robo)

robo mutants have a complementary phenotype to comm mutants. In comm
mutants, there are too few axons crossing the midline. On the other hand, robo mutants

have too many axons crossing the midline.8 After crossing, axons would normally

project longitudinally along the midline, never crossing it again. However, in robo
mutants, axons freely cross the midline and, often, are seen to cross the midline

5

repeatedly. Unlike slit mutants, the axons of robo do not remain in the midline

permanently. The result is commissures that are abnormal and thicker than seen in wild
type Drosophila due to the crossing and recrossing of axons, but there are still two
distinct longitudinal tracts.3 Despite the abnormal midline crossing of robo mutant

axons, the axons still extend in the correct direction and for the correct distance. The

multiple crossings of axons creates a swirling, circular pattern at the midline.

Robo is a receptor for the repulsive signal, Slit, which is secreted by midline

cells.9 Comm acts to downregulate Robo, allowing axons to cross the midline, but it is

the receptors Robo and Robo2 that prevent axons from lingering at the midline. These
8

two receptors act redundantly.

Low levels of either Robo or Robo2 have been shown to

be sufficient to allow axons to cross the midline, and both receptor proteins are

downregulated by Comm.11 In robo/robo2 double mutants, the phenotype is identical to

the slit mutant phenotype, showing that Robo and Robo2 receptors are necessary to
prevent axons from lingering at the midline when Slit is present.11,12 Without any
receptors present, the growth cone cannot respond to Slit and, hence the axons do not
leave the midline.

In the absence of Robo, Comm is unnecessary for axons to be able to cross the
midline since there are no receptors for the repulsive signal, Slit. comm and robo mutants

have complementary phenotypes, and these phenotypes are dosage sensitive, meaning
phenotypic severity varies proportionally with the number of copies of an allele present.

By increasing the number of comm genes an organism possesses, the phenotype begins to

resemble the robo mutant phenotype more and more due to increasingly lower levels of
Robo receptors on the growth cone surface.7
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E. Investigation of the Mutation

The purpose of this project was to characterize the phenotype of a mutation
known to cause errors in development of the nervous system. We received a collection of

mutations that resulted from a screen for mutations affecting nervous system
development performed by Dr. Helen Sink (NYU, data unpublished). One of these
mutations, B30, had similarities to comm and robo. Dr. Sink indicated that the mutation
affected the ability of axons to cross the midline, and in an attempt to map the gene,
crossed the mutant with the rucuca chromosome and generated the mutant lines used in

this study.

The mutation affects the commissural axons and their ability to cross the midline.

Initially, it was thought there was a single mutation acting, but after examination of the
stained embryos, the hypothesis was altered to incorporate the idea that there were two
mutations acting in the mutant flies, one of which was similar to the comm phenotype and

another which was robo-like. Using antibody staining and a series of crosses between
mutant lines, it was attempted to confirm the presence of two mutations and separate the

effects of these two mutations.
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II. MATERIALS AND METHODS

A. Collection of Embryos
Flies having a chromosome possessing the mutation of interest were placed in

cages and allowed to lay eggs on plates of apple juice agar. Eggs were collected from the
plates after approximately 24 hours for staining. To do this, plates were rinsed with

water and the eggs were loosened using a brush. The embryos were then poured off into
a sieve and rinsed again with water to remove any residual yeast. Once the water was

removed, the embryos were submerged in 100% bleach for a period of one minute to
remove the chorion. After dechorionation, the embryos were rinsed thoroughly with

water.

The embryos were then transferred using a brush to a scintillation vial containing
5mL of heptane. An equal volume of 3.7% formaldehyde fixative solution was added to

the scintillation vial, and the vial was rocked for 20 minutes on a nutator. The embryos,
at this point, were floating between the interface of the two layers. Once the 20 minutes

was over, the aqueous fix layer was removed by using a Pasteur pipette. Any embryos
which had fallen into the aqueous layer were removed and discarded. Then an equal
volume of methanol was added to the scintillation vial. The vial was then vortexed for 20
seconds, causing the embryos to pop out of their vitelline membranes and sink to the

bottom of the methanol. The membranes remain floating at the interface of the layers
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Embryos were removed from the vial using a Pasteur pipette and placed into a
1.5mL centrifuge tube. After all the embryos were transferred to the tube, they were

washed 3 times for one minute in methanol to remove any residual heptane. Embryos

were stored at -20°C until a sufficient number were collected to perform the staining

procedure. For this experiment, approximately l00μL of embryos were collected from
each of the ten mutant lines for staining.

B. Staining Embryos
Antibody staining was used to make the cells of the nervous system of Drosophila

visible and allow the mutant phenotype to be characterized. The centrifuge tubes

containing the embryos were removed from the freezer and the methanol was removed.
Then, the embryos were washed three times for one minute using PBT, and following
these short washes, the embryos were washed for 30 minutes in PBT by rocking on a

nutator. The embryos were then incubated for 30 minutes in 300μL of PBT+N by
rocking on a nutator. After the 30 minute incubation period was over, 3μL of a 1:100

dilution of the primary antibody, 1D4, was added to the tube which still contained the
300μL of PBT+N. 1D4 is an antibody against fasciclin II, which is expressed in the
fasiscles and motor neurons. The embryos were then incubated with the primary

antibody overnight at 4°C, rocking on a nutator.

The next day, the PBT+N was removed from the tubes and replaced with fresh

PBT. The embryos were washed three times for one minute in PBT with the PBT being
removed and replaced with fresh PBT between each wash to remove any unbound
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primary antibody. Next, the embryos were washed four times for 20 minutes using PBT
while rocking on a nutator. After the final 20 minute wash, the PBT was removed and

the embryo was allowed to incubate for 30 minutes in 300μL of PBT+N while rocking on
a nutator. At the end of the 30 minute incubation period, 1μL of the secondary antibody,
HRP GtαMs, was directly to the centrifuge tube. The PBT+N was not removed before

the addition of the secondary antibody. The embryos were incubated with the secondary
antibody overnight at 4°C while rocking on a nutator.

After overnight incubation, the PBT+N was removed from the tubes, and the

embryos were washed three times for one minute with fresh PBT to wash away and

unbound secondary antibody. Next, the embryos underwent four 20 minute washes in
PBT with the PBT being replaced between each wash. During the final 20 minute wash,
the DAB solution was removed from the -20°C freezer to allow time for it to thaw. After

the last 20 minute wash was complete, the PBT was removed and 300μL of DAB

solution was added to the tube. The embryos were incubated for 2-3 minutes in the DAB
solution to obtain a brown reaction product. Then 3μL of 3%H2O2 was added, and the

reaction was allowed to proceed for 20 minutes. The reaction was stopped by washing
the embryos several times in PBT, and then, the embryos were washed once using PBS
before clearing. The embryos were cleared by removing the PBS and adding 70%
glycerol in PBS. The embryos were mixed well in the 70% glycerol by rocking on the

nutator for 5 minutes. The embryos were allowed to settle in the bottom of the tube
before being stored at 4°C.
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C. Dissection of Stained Embryos
Mutants had to be selected from the collection of stained embryos from each line

for dissection. To do this, a small amount of the stained embryos, as well as some of the

70% glycerol, were extracted from the centrifuge tube and placed on a glass slide.

Viewing the embryos under the dissecting scope, mutants were able to be identified, and
then using a piece of sharpened tungsten wire, the mutants could be removed individually

and transferred to an empty glass slide.

Once an embryo was isolated on a glass slide, the sharpened tungsten wire was

used to dissect the embryo. Looking under the dissecting scope, the tungsten wire was
used to gently pull at the anterior and posterior end of the embryo and peeling the
outermost layer of tissue from ends and sticking them to the glass slide, anchoring the

embryo. Once the embryo was firmly stuck to the slide, the tungsten wire was dragged
carefully along the midline in the anterior to posterior direction, separating the tissues on

either side from one another. Using the wire, one side was pulled down and stuck to the

glass slide. Then, all of the internal tissues were rolled off the other side using the
tungsten wire. Rolling the tissues off in this manner left one side intact and flat for

further examination.

Once the dissection was complete and excess embryonic tissues were removed
from the glass slide, a drop of glycerol was placed on the slide to the side of the

dissection. Then so as not to disturb the dissection, a cover slip was quickly and carefully

dropped on the dissection with the corners closest to the embryo being placed first. This
allowed the dissection of the embryo to be secured and the glycerol to fill in the space

around it without displacing or disrupting the dissection. To secure the cover slip and
11

ensure that the tissues under the cover slip remained as they were, a dot of clear
fingernail polish was applied to each corner of the cover slip, and this was done without
jarring the cover slip. Once the polish dried, the slide could safely be moved and

examined under a high power microscope to obtain details about the mutant phenotype.

D. Crossing Flies

All lines were crossed to a stock of flies with a chromosome containing a

commissureless (comm) mutation over a balancer chromosome. Virgin females were
collected from each mutant line to be crossed with males possessing the comm mutation.

To obtain virgin females, lines of the mutants were established in tubes containing food,

where over a period days, they laid their eggs. Once the eggs had hatched and the larva
were near the point when they would become adult flies, the parent flies were transferred
to a new vial since they were no longer needed, and this left no adult flies in the original

tube. Typically, it can be assumed that any adult female less than 8 hours old is a virgin.

The tube was checked periodically for the appearance of new adults, and any females
found which could be safely assumed to be virgins were collected and all males were
discarded.

Approximately 10-12 females were collected from each line and placed in fresh

vials. Then a similar number of comm males were placed in each of the ten tubes
containing the mutant females. The adults were allowed to remain in the tube for a

sufficient amount of time to lay a large number of eggs, and the parents were removed
from the tube before any of the progeny hatched. After the offspring reached adulthood,
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they were removed from the tube and scored using distinct physical marks which directly
corresponded to each of the four possible genotypes. After being scored, the flies were
discarded.

comm mutants were heterozygous for the balancer chromosome TM3, and the
mutant flies were heterozygous for the balancer chromosome TM2. The progeny were

scored using the markers stubble (Sb), which is present on TM3, and Ubx, which is
dominant mutation on the TM2 balancer. When crossed, flies fell into four genotypes:

mutation/comm, TM2/TM3, mutation/TM3, or comm/TM2. Each category had a unique

set of phenotypic markers which were used to separate flies into the four genotypes.
Flies which were TM2/TM3 had the markers stubble and strong Ubx expression, meaning

the haltere of the fly developed into a wing-like structure. Mutation/TM3 flies only had
the marker stubble. Those with comm/TM2 had the Ubx mutation, and flies with
mutation/comm were wild type.

The progeny from crosses between mutant lines were scored based on the
presence or absence of the Ubx mutation. Flies homozygous for the balancer
chromosome were embryonic lethal, and therefore, there were only two phenotypes to
score. Flies heterozygous for either of the two mutations and a balancer chromosome had
the Ubx mutation. Two copies of the mutation, one from each mutant line, would result

in an embryonic lethal fly if each chromosome possessed the same mutation. However, if

they were different mutations, the result would be wild type progeny.
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III. RESULTS

The mutant embryos fell into three distinct phenotypical categories. They either
had strong commissureless phenotypes, robo-like phenotypes, or an intermediate

phenotype. The strong comm phenotypes had no commissural axons crossing the

midline. Mutants with the ro/w-like phenotype had few axons which crossed the midline
and those axons path was circular, as in normal robo mutants. The intermediate
phenotype has the widespread longitudinal tracts common of typical commissureless
mutants. However, mutants with the intermediate phenotype have some occasional axon

crossing, but it is far less common than was seen in the robo-like phenotype. The path of
these axons of the intermediate phenotype take curved paths, similar to the circular
pattern seen in robo mutants.

Seven of the ten mutant lines (1,2,4,5,7,9,10) had strong comm phenotypes

(Figure 3). Mutant lines 3 and 6 both had robo-like phenotypes (Figure 4). Only mutant
line 8 had an intermediate phenotype (Figure 5).

When crossed with comm mutants, the mutant lines 1,2,4, and 10, all having a

strong comm phenotype, had no wild type progeny. The cross with mutant lines 5 had 2

wild type offspring and the cross with mutant line 9 had 1 wild type offspring out of a
total of 125 and 104 offspring, respectively. The cross with mutant line 7 produced 14
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wild type offspring out of a total of 160. Approximately one-fourth of the offspring

produced by crosses between comm mutants and the mutant lines 3 and 6 were wild type.
There were 39 wild type offspring out of a total of 135 produced by the cross with mutant
line 3.

When mutant lines 3 and 6 were crossed with mutant line 8, the only viable
offspring produced were heterozygotes for a mutation and the balancer chromosome.
The cross between mutant line 3 and mutant line 8 yielded 186 flies with the Ubx

phenotype, and crossing line 6 with line 8 yielded 127 Ubx flies.
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IV. DISCUSSION

The various phenotypes seen in the B30 mutant embryos can be explained, in
part, by the presence of two mutations. A candidate for one of the mutations is comm,

and this is supported by the data from the crosses and the corresponding phenotypes for

those mutant lines. comm is also located on the third chromosome, where the other

mutation is known to be.

, _ . c
o „na in were lethal in combination with the comm
Mutant lines 1,2,4, 5, 9, and 10
mutation. Lines 5, 7 and 9 were not completely lethal. However, relatively small
numbers of wild type flies were counted for each of those lines, but due to the difficulty

in scoring the

mutation, these small numbers could be accounted to human error.

The wild type flies accounted for far less of the total offspring than 1/4, suggesting that
these lines are indeed lethal in combination with the comm mutation. Mutant embryos of
these seven lines had a strong co... ...........

phenotype, as well. Two copies of the

.
• .u a z^rnnlete
lack of commissures, identical to a typical
mutation produced embryos
with
complete
commissureless phenotype.
to affect
Since the other mutation appearss to
affect the ability of axons to cross the midline,

x ~ . In
it is less severe than the comm phenotype
In cases
cases where two developmental mutations
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are present, the phenotype seen is that of the more severe mutation. By having

present in a homozygous state, all axon crossing will be inhibited. For the other

mutation's phenotype to he seen. Comm would be necessary at some level to allow at
least a few axons to cross the midline.

Mutant lines 3. 6. and 8. on the other hand, produced viable offspring when

crossed with comm mutants. Also, the phenotypes of the embryos of these mutant lines
ranged from robo-like mutants to intermediate mutants. None had the strong
commissureless Phenotype of the other seven. The fact that there were viable wild type

flies means that they must have possessed at least one functional copy of comm, allowing
flies to produce enough Comm so axons are able to cross the midline.

The crosses from lines 3. 6 and 8 had results typical of a heterozygous cross

involving one recessive mutation, and since they were viable in combination with comm,
different phenotype than seen in comm
. s.>,.» mutants. The mutation present isolated in mutant
lines 3, 6, and 8 allows some axon crossing. In lines 3 and 6. the phenotype is more

robo-like with axons crossing the midline in such a way that patterns emerge at the

midline, and the longitudinal tracts are not widespread, as seen in comm mutants. The

phenotype of line 8. however, has longitudinal tracts which are relatively far apart and
infrequent axon crossing. The axons that do cross the midline do appear to have the

curving paths similar to axons of robo mutants.

Upon crossing lines 3 and 6 with line 8, all offspring had the Ubx phenotype and
were heterozygous for one of the mutations an
and the balancer chromosome. This means
, same since
•
thpv
the mutations are the
theyare
arelethal in combination. The difference in the
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phenotypes of the robo-like and the intermediate lines could be the result of variable
penetrance of the allele.

The differences between mutant phenotypes could possibly be the result of the

loss of comm on the left arm of the mutant chromosome. The different lines possessing

the B30 mutation were generated through recombination, and in doing so, lines 3,6, and
8 lost the original left arm of the chromosome containing the markers ru through e and

also the missing comm, and the recombined chromosome would have acquired a copy of

comm. Consequently, these are the only three lines which do not have a comm

phenotype, meaning there is at least one functional copy of comm. The other seven lines
which have retained the original left arm, would also still be missing comm and when

crossed with comm mutants would be lethal. This is in fact the case, and supports the
idea that comm is one of the mutations at work.

The location of the second mutation is not known, but based on the markers

present on the third chromosome of the recombinant lines, the general area where the
gene is found could be determined. The seven lines with comm phenotypes were not very

telling considering the markers encompassed either the entire length of the chromosome
or the majority of it. Of the ones that didn’t have the entire set of markers, almost all

contained the marker e. The three non-comtn mutants were unique in that they only had
the marker ca and the mutation B30. To have the mutation B30 and not have e,

recombination must have occurred somewhere between e and ca. The location of B30
must therefore be between e and ca, as well. This would allow for B30 to be present with

only ca or with any combination of mutations to the left of e (Figure 2).
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Future studies are needed to find the exact location of the mutation B30 on the

third chromosome. Since the location is thought to be between the markers e and ca,
Stocks of flics having deletions which span every base pair across the region of e and ca

must be obtained and crossed with the mutant lines. The crosses which don’t produce
viable offspring possess deletions that correspond to the area with B30 mutation. Lines
with progressively smaller and smaller deletions will be crossed with the mutants until an

exact chromosomal location has been obtained. This can then be compared to the
genome of Drosophila and the gene can be identified. Further studies can then be done

to study the gene product, its expression, and how it acts to affect midline crossing.
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I.

FIGURES AND TABLES

Figure 1 - Proteins Involved in Commissure Formation and Their Mutant

Phenotypes. A) In a wild type CNS, the presence of Comm, Slit, and varying levels of
Robo receptors control axons' paths.

B)

In the absence of Comm, Robo levels are

always high and no axons cross the midline. C) In the absence of Robo, the axon crosses

and recrosses the midline. D) Without Slit, the axons enter and never leave the midline.
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h

comm
I st

CENTROMERE

(Adapted from 10)

Figure 2 - Chromosome 3 of Drosophila melanogaster. This figure shows the third
chromosome of Drosophila melanogaster with the loci of genes for several phenotypic

markers designated. Roughoid (ru), hairy (h), scarlet (st), ebony (e), and claret (ca) were
markers found in varying combinations with the mutation of interest and used to
understand some of the inconsistencies of the mutation's phenotype. The gene

coinmissureless is located between the markers h and st on chromosome 3. The possible
location of the mutation B30 is indicated in red between the markers e and ca.

Figure 3 - Mutants Presenting With a Strong commissureless Phenotype. Figure 3A
pictures a wild type CNS with three distinct fascicles and normal commissures. Figures

3B, 3C, 3D, 3E, 3F, and 3G show the coinmissureless phenotypes of mutant 1, 2,4, 5, 7,
and 9, respectively, which have no axons crossing the midline. Scale bar= 10 microns.
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Figure 4 - Mutants Having a robo-like Phenotype. Figure 4A shows a wild type CNS
of Drosophila melanogaster. Figure 4B and 4C show the robo-like phenotypes of the
mutant line 3 and 6, respectively. The swirling pattern, distinctive to robo mutants, are

indicated by the arrows in 4B and 4C. 4B is more developed and the commissures are
thicker and more circular than in wild type CNS. but the phenotype is not as severe as

normal robo mutants. Scale bar = 10 microns.
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CHROMOSOME A

CHROMOSOME B

CHROMOSOME A

CHROMOSOME B

(Adapted from 4)

Figure 6 - Recombination Between Homologous Chromosomes. The figure

shows the chiasma, which has formed between two homologous non-sister chromatids

and is the sight where genetic exchange will occur. The result is that chromosome A,
originally having the green and orange genes, possesses the red and orange genes after

recombination. Chromosome B exchanges the green gene tor red and, after
recombination, has the blue and green genes. Neither resulting chromosome possesses a

combination of alleles seen in the original, parental chromosomes.
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MUTAGEN TREATMENT

(Adapted from 13)

Figure 7 - Establishing a Mutant Stock. Mutagens are used to induce
mutations. By crossing the treated flics with untreated females carrying dominant, nondevelopmental mutations (dominant temperature-sensitivity DTS), heterozygotes for the

induced mutation can be selected for. Heterozygotes will only produce heterozygous
offspring carrying the induced mutation and this is a self-maintaining mutant stock.

27

Mutant Line
Genotype
(Phenotype)

Line
1

Line
2

Line
3

Line
4

Line
5

Line
6

Line
7

Line
8

Line
9

Line
10

0

0

39

0

2

28

14

82

1

0

37

32

47

47

58

48

51

38

43

Mutation /
comm

(Wild Type)

Mutation /
TM3
(Stubble)

45

TM2/TM3
(Stubble,
Strong Ubx)

21

19

17

13

26

35

33

34

24

47

Comm /

40

41

47

45

50

48

65

70

41

56

TM2
(Ubx)

Table 1 — Results of Crosses Between Mutant and comm Lines. Mutant lines 1,2,4,
and 10 were lethal over the comm mutant chromosome, indicating two copies of a

nonfunctional and essential gene. Lines 5, 7 and 9 were also essentially lethal, seeing as
the few live wild types could be attributed to human error. Lines 3,6, and 8 had onequarter wild type progeny, indicating another mutation.
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Cross
Genotype
(Phenotype)

Mutation 3/ Mutation 8
(Wild Type)

Mutation 3/ TM2
Mutation 8/ TM2
(Ubx)

TM2/ TM2
(Embryonic Lethal)

Mutant 3 x Mutant 8

Mutant 6 x Mutant 8

0

0

186

127

N/A

N/A

Table 2 — Results of the Crosses Between Mutant Lines 3 and 6 With Mutant Line 8.

The results from the cross(ES) between mutant lines 3 and 6 with mutant line 8 are
indicative of one mutation possessed by all three lines. The only progeny had the Ubx

phenotype, meaning they were heterozygous for the mutation. The lack of wild type
offspring means that the mutations were not viable over one another and, therefore, affect
one gene.
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IL

SUMMARY OF GENETIC PRINCIPLES

i. Recombination

During meiosis, homologous chromosomes pair up and crossing over occurs
frequently. Crossing over is when the chromosomes are broken at homologous

locations and the pieces are exchanged, creating new combinations of genes not seen in
either parent chromosome. A chiasma forms between two non-sister, homologous

chromosomes and is the point where genetic material will be exchanged between the

two chromosomes (Figure 6).4 Recombination allows for new combinations of alleles
to be generated within a population.

The enzyme SpoII initiates recombination by making cuts in the double-stranded

DNA. A protein complex then scans a homologous chromosome for a sequence
complementary to the free 5’ end. This leads to the formation of the chiasma and the

eventual exchange of genetic material.4

When studying a mutation of interest that is homozygous lethal, recombination
poses the threat that the gene being studied will be lost by exchange of genetic material.

By using a balancer chromosome, recombination does not occur and allows the

mutation to be maintained from generation to generation. It also links the mutation to
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phenotypic markers, allowing flies with the mutant chromosome to be identified more
easily.1,4

ii. Balancer Chromosomes in Drosophila melanogaster

Balancers are chromosomes created for the purpose of maintaining a lethal

mutation in a manner which does not require selection. The balancer has inversions
which act as crossover repressor by suppressing the exchange of genetic material over a

large stretch of a chromosome. Balancer chromosomes also possess clearly visible and
dominant mutations to allow for easier scoring of heterozygote flies. The balancer also

will have a recessive mutation that is lethal when homozygous to create a self
maintaining stock in which all viable flies are heterozygous for the mutant chromosome

and the balancer chromosome.4 Balancers effectively balance a chromosome, but each
has regions which are not and this allows for genes from those areas to be lost due to

recombination.

There are many balancer chromosomes, and they are grouped into series based on
which chromosome they balance. The third multiple (TM) series provided effective
balancing of the third chromosome. They are all marked with alleles belonging to the

Bithorax complex. TM2, which is used to balance the mutation B30, has the dominant

marker Ubx. TM3, used to balance comm mutants, carries bx, which is a regulatory
gene for Ubx. When bx and Ubx are present in combination a stronger phenotype

results with the haltere becoming more wing-like.4,10
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iii. Establishment of Mutant Stocks

Inducing random mutations through chemical treatment or irradiation is one way

to identify developmental mutants. The goal of mutagenesis is to treat such a large
population with the mutagen that a point mutation will be randomly induced in every
gene of the genome. Drosophila are ideal subjects for mutagenesis because of the

speed at which they reproduce and the ease of treating large numbers with the mutagen.

Typically, a specific chromosome is targeted for mutation and a large number of males
possessing a recessive mutation on that chromosome are treated with a mutagen. The

recessive mutation gives homozygous flies which are viable an easily identifiable
phenotypic trait.

The males treated with the mutagen produce sperm with a variety of induced

mutations, and these males are then crossed with
w untreated females which carry
nenmes The females often cany some
different mutations on their two chromosomes.
dominant, non-developmental mutations which are lethal when homozygous and this

allows for files carrying two female chromosomes to be eliminated automatically. An

example is the mutation DTS which is a dominant, temperature-sensitive mutation that

kills flies carrying it when the incubation temperature is raised over 29°C. The females
also have a balancer chromosome to prevent recombination which could put the

induced mutation and the eliminating mutation on the same chromosome.13

The original cross between the mutagenized males and the untreated females will
result in flies heterozygous for the induced mutation and the balancer chromosome.

These heterozygotes are then back-crossed with more untreated females having the
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dominant mutation over a balancer and this results in four possible offspring genotypes:

balancer over balancer, induced mutation over balancer, female chromosome over

balancer, or induced mutation over female chromosome. Flies homozygous for the
balancer are embryonic lethal. Any flies possessing a copy of the female chromosome

will be eliminated by the dominant, non-developmental mutation. This leaves only

those with the induced mutation over the balancer chromosome. At this point, a stable
stock has been developed because all homozygous flies will be embryonic lethal,
leaving only heterozygotes viable to reproduce and all carry the mutation (Figure 7).

33

13

BIBLIOGRAPHY

1. Ashburner, M. "Balancers and Other Special Chromosomes." Drosophila: a

Laboratory Handbook. Cold Spring Harbor, N.Y.: Cold Spring Harbor

Laboratory, 1989. Print.

2. Bate, Michael, and Arias Alfonso Martinez. "Embryonic Development of the

Drosophila CNS." The Development of Drosophila Melanogaster. Plainview,
N.Y.: Cold Spring Harbor Laboratory, 1993.1163-175. Print.

3. "The Interactive Fly." The Interactive Fly. Ed. Thomas B. Brody. Society for
Developmental Biology, 5 Jan. 2010. Web. Jan. 2010.
<http://www.sdbonline.org/fly/aimain/laahome.htm>.

4. Griffiths, Anthony J. F. "Mutation, Repair, and Recombination." Introduction to
Genetic Analysis. 9th ed. New York: W.H. Freeman and, 2008.513-18. Print.

5. Keleman, Krystyna, Carlos Ribeiro, and Barry J. Dickson. "Comm Function in

Commissural Axon Guidance: Cell-autonomous Sorting of Robo in Vivo." Nature
Neuroscience 8 (2005): 156-63. EbscoHost. Web. Jan. 2010.

6. Keleman, Krystyna, Srikanth Rajagopalan, Diana Cleppien, David Teis, Karin Alha
Lucas A. Huber, Gerhard M. Technau, and Barry J. Dickson. "Comm Sorts Robo

to Control Axon Guidance at the Drosophila Midline." Cell 110.4 (2002): 415-27
Cell. ScienceDirect, 15 Apr. 2004. Web. Jan. 2010.

34

7. Kidd, Thomas, Claire Russell, Corey S. Goodman, and Guy Tear. "Dosage-Sensitive
and Complementary Functions of Roundabout and Commissureless Control of

Axon Crossing of the CNS Midline." Neuron 20 (1998): 25-33. Neuron. Cell
Press, 22 Sept. 2000. Web. Dec. 2009.

8. Kidd, Thomas, Katja Brose, Kevin J. Mitchell, Richard D. Fetter, Marc Tessier-

Lavigne, Corey S. Goodman, and Guy Tear. "Roundabout Controls Axon
Crossing of the CNS Midline and Defines a Novel Subfamily of Evolutionarily

Conserved Guidance Receptors." Cell 92 (1998): 205-15. Cell. ScienceDirect, 9

Oct. 2000. Web. Dec. 2010.

9. Kidd, Thomas, Kimberly S. Bland, and Corey S. Goodman. "Slit Is the Midline

Repellent for the Robo Receptor in Drosophila." Cell 96.6 (1999): 785-94. Cell.
ScienceDirect, 27 Sept. 2000. Web. Dec. 2009.

10. Lindsley, Dan L., and Georgianna G. Zimm. The Genome of Drosophila
Melanogaster. San Diego: Academic, 1992. Print.

11. Simpson, Julie H., Thomas Kidd, Kimberly S. Bland, and Corey S. Goodman.
"Short-Range and Long-Range Guidance by Slit and Its Robo Receptors: Robo

and Robo2 Play Distinct Roles in Midline Guidance." Neuron 28 (2000): 753-68.

Neuron. Cell Press, 05 Feb. 2001. Web. Jan. 2010.

12. Rajagopalan, Srikanth, Emmanuelle Nicolas, Valerie Vivancos, Jurg Berger, and
Barry J. Dickson. "Crossing the Midline: Roles and Regulation of Robo

Receptors." Neuron 28.3 (2001): 767-77. Neuron. ScienceDirect, 5 Feb. 2001.
Web. Jan. 2010.
35

13. Wolpert, Lewis, Thomas Jessell, Peter Lawrence, Elliot Meyerowitz, Elizabeth

Robertson, and Jim Smith. Principles of Development. Third ed. Oxford: Oxford
UP, 2007. Print.

36

